Supported lipid bilayers (SLB) are expected to offer a potential as biological devices utilizing biological membranes and membrane proteins. In this work, we investigated the effect of an external DC field on the phase-separated structures of gel phase and liquid crystalline phase in the SLBs of the DMPS-DOPC binary systems. The electric field was vertically applied to the SLB using a three-electrode system. The voltage apply of −1.0 V at the backside of the SLB increased the gel-phase domain size, while the voltage apply of +1.0 V decreased the domain size. This electric field effect is strongly related with the existence of PS lipids that is a negatively-charged lipid. Previously it was reported that the size of brain-PS-rich domain depends on the Ca 2+ concentration. This implies that it is possible to change the domain size due to the change of the Ca 2+ concentration near the surface of the SLB by applying the electric field.
INTRODUCTION
Since Singer and Nicolson proposed the fluid mosaic model of biological membranes in 1972 [1] , many experimental and theoretical investigations have been carried out to reveal the functions and structures of biological membranes. In those previous works, phase-separated structures including rafts were found to play important roles in various biological processes such as signaling, protein transport, among others [2, 3] . Recently, supported lipid bilayers (SLB) are attracting a considerable attention in terms of general interests both as a fluidic membrane supported on a solid surface and as various applications such as biosensors [4] . For realizing biological devices, it is often important to control the spatial patterning of the SLB that has been achieved by various methods, such as using pre-patterned substrates [5] , stamping [6] , or photo-lithography [7] . However, the patterned structures fabricated by these techniques do not effectively utilize the lateral fluidity of the SLBs. On the other hand, we are aiming to actively control the formation and transfer of the phase-separated domains in the SLB by an external stimulation. In particular, we focus on the use of electric field or light that can be easily controlled by semiconductor devices.
In our previous study, we have demonstrated the local concentration of gel phase domains by the light irradiation technique in the SLB of the DMPC-DOPC binary system as an example of the active control [8] .
Recently, electric fields have been often used to reorganize and concentrate lipids and proteins in SLBs [9] . They achieved the control of the lateral diffusion of the lipid molecules applying an electric field laterally. In this study, we investigated the effects of vertically applied voltage on the phase-separated structures in the DMPS-DOPC SLBs on SiO 2 /Si substrates. The DMPS is a saturated negatively-charged lipid and the DOPS is an unsaturated neutral lipid.
MATERIALS AND METHODS

Materials
Dimyristoyl phosphatidylserine (DMPS), dimyristoyl phosphatidylcholine (DMPC), and dioleoyl phosphatidylcholine (DOPC) were purchased from Avanti Polar Lipids (Birmingham, AL). The fluorescent lipid probe of dipalmitoyl phosphatidylethanolamine-Texas Red (TR-DPPE) was obtained from Molecular Probes (Eugene, OR).
A (100) n-type Si substrate was used. The substrate was rinsed in 3 % of HF solution to remove a native oxide layer.
A Au-Sb/Au electrode was deposited onto the backside of Si substrate using a vacuum deposition technique and annealed to obtain ohmic contact. Subsequently, a SiO 2 layer of 200 nm in thickness was deposited onto the upper side of the Si substrate using an ECR sputter.
Vesicle preparation and formation of SLB
SLBs were formed by using a vesicle fusion method.
Vesicle suspensions were prepared through the following procedure [10] : Firstly, chloroform solution of lipid mixtures of DMPS/DOPC (=20/80, m/m) tagged with 1 mol % of TR-DPPE was evaporated onto the wall of a glass vial by bowing N 2 gas, and evacuated overnight; Secondly, the lipid mixtures were re-suspended in buffer solutions (10 mM HEPES, 150 mM KCl, pH 7.4 (NaOH)) with various CaCl 2 concentrations (0.001, 0.1, 1 100 mM) by vortexing moderately to prepare vesicle suspension with the total lipid concentration of 100 μM; Finally, the vesicle suspensions were agitated and sonicated, and they were fractured applying freeze-and-thaw cycles in liquid nitrogen three times, and extruded through a 100 nm polycarbonate filter 19 times at 45 °C. The sample was not exposed to the air during preparation. Before the formation of SLB, the substrates were sonicated in each acetone, methanol, or purified water (18 MΩ•cm) for 5 min in turn. Subsequently, UV light radiated the substrates for 20 min. Just after the UV radiation, the SiO 2 /Si substrates were incubated under 0.2 ml of the vesicle suspension for 60 min at 45 °C to ensure equilibrium coverage. After this, the sample was washed exchanging the suspension for the fresh buffer solution several times and finally sunk in 0.5 ml of the buffer solution.
Voltage apply and observation of SLB
The experimental set-up is shown in Fig. 1 . We used a three-electrode system with an Ag/AgCl (sat. KCl) reference electrode and a Pt wire (φ=0.5 mm) counter-electrode. A working electrode was Au-Sb/Au electrode on the backside of the substrate. The Pt electrode was set 1 mm above the SiO 2 /Si substrate. Voltage was applied to the Au-Sb/Au electrode against the Pt electrode.
The SLBs were observed using a fluorescence microscopy. The temperature of the sample was controlled using a temperature stage consisting of a Peltier element on the microscopy stage.
RESULTS AND DISCUSSION
Observation of the phase-separated structures
First, we demonstrated phase separation phenomena in the SLB of the DMPS-DOPC binary system on the SiO 2 /Si substrate with the buffer solution containing 1 mM CaCl 2 .
Following homogenization of the SLB at 45 ºC for 15 min, the temperature was decreased to 5 o C.
The fluorescent image of the phase-separated structure is shown in Fig. 2 . The large black domains with the size of ~3 μm 2 were observed in the grey matrix. Moreover, there were many small black domains with the size of ~0.1 μm 2 . The grey matrix is the liquid crystalline phase and the large domains are the gel phase. (A main component of the gel phase is DMPS, because phase transition temperature of DMPS (35 ºC [11] ) is higher than that of DOPC (−20 ºC [11]). Figure 3 is the AFM image of the SLB at 5 ºC. Many domains with the size of ~0.1 μm 2 were observed in Fig. 3 . These bright domains in Fig. 3 are considered to be the same as the small black domains in Fig. 2 . These domains were higher by 0.6 ± 0.2 nm than the black matrix. In the literature [12] , gel phase domain was reported to be about 1 nm higher than liquid crystalline phase. Thus, the small domains are considered to be gel phase domains. Total area fraction of the gel phase domain was calculated to Figure 4 is the sequence of voltage apply. Firstly, SLB was observed at 5 ºC (Fig. 2) ; Continuously, the voltage was applied to the Au-Sb/Au electrode against the Pt electrode for 30 min after homogenization at 45 ºC; Finally, the temperature was decreased to 5 ºC. Figure 5(a) is the fluorescent image of the SLB after the voltage apply of −1.0 V at the Au-Sb/Au electrode. The large domains were enlarged from 3 μm 2 to 11 μm 2 and the number of the small domain was decreased. The total area fraction of the gel phase domains increased from 17 % to 34 %. This result indicates that the gel domains aggregated and the size increased. Figure 5(b) is the fluorescent image of the SLB after voltage apply of +1.0 V at the Au-Sb/Au electrode. Contrary to the result of the apply of −1.0 V, the size of at the large domains decreased from 3 μm 2 to 0.4 μm 2 and the number of the domain increased. This result is oppositely different from that of the voltage apply of −1.0 V. The total area fraction of gel phase domains was 19 %. This result indicates that large domains were separated to several small domains.
Effects of applied voltage on the phase-separated structures in DMPS-DOPC binary systems
Influence of the temperature hysteresis
In order to investigate the influence of the temperature hysteresis, SLB was heat-treated under the same temperature sequence without the electric field. Then, the shape, the size and the area fraction of the phase-separated domains after the heat-treatment were almost same as those of the initial state. Thus, the domain structure change was concluded to be induced by the electric field.
Effect of the charge of lipid molecule
In order to evaluate the effect of the charge of lipid molecule, DMPC, which is a neutral lipid, was used instead of DMPS. The size or the area fraction of the gel phase domain (DMPC-rich phase [8] ) was not changed before and after the voltage apply as shown in Fig. 6 . The charge of lipid molecule is essential for the effects of the applied voltage on the phase-separated domains.
Effect of Ca 2+ ions in buffer solution
It has been reported that phase-separated structure of PS-PC systems including the DMPS-DOPC strongly depended on Ca 2+ concentration in buffer solution [13] : Brain-PS molecules aggregated and the size of PS-rich gel phase domain increased by the addition of Ca 2+ ions.
Considering this phenomenon, we propose a model of the electric field effect. Figure 7 is the schematic drawing of the SLB before and after positive voltage apply at the backside electrode of the substrate. Before the voltage apply, Ca 2+ ions distribute uniformly in the buffer solution. After the positive voltage apply, the Ca 2+ ions diffuse away from the surface of the SLB along the electric field. Therefore, the Ca 2+ concentration near the SLB surface decreases. In the same way, after the negative voltage apply at the backside electrode of the substrate, the Ca 2+ concentration near the SLB surface increases. Figure 8 shows the Ca 2+ concentration dependence of phase separated structure of the SLB of the DMPS-DOPC. The large domain size increased with increasing Ca 2+ concentration and the small domain size was independent of Ca 2+ concentration. (However the total area fraction was independent on Ca 2+ concentration.) Above the Ca 2+ concentration of 1 mM, the domain size saturated. Comparing the domains size of the sample after +1.0 apply ( Fig.  5(b) ) to that of the sample prepared with the buffer solution with Ca 2+ of 0.001 mM ( Fig. 8(d) ), these domain sizes were almost same as each other. This result supports our model. On the other hand, the domain size of the sample after -1.0 V apply could not agree with that of high Ca 2+ concentration. We consider that other may cause such as pH also influenced. Proton also causes solidification of PS molecules as well as Ca 2+ ions [14] , so the size of the gel phase domain may have increased with increasing of proton concentration near the SLB surface by voltage apply.
CONCLUSION
We investigated the effects of the applied voltage on the size of phase-separated domains in the SLB of the DMPS-DOPC binary system. This study revealed that the size of the gel phase domain and the area fraction were dramatically changed by applying the electric field vertical to the SLB. The voltage apply of −1.0 V at the backside of the substrate increased the size and the area fraction of the gel domain, while that if +1.0 V decreased the domain size. Moreover, we partially explained this phenomenon as the change of the Ca 2+ concentration near the surface of the SLB due to the electric field. Ca 2+ concentration is low. Fig. 7 Schematic drawing of the model proposed in this study. Gray-color background shows the Ca 2+ concentration. Before the voltage apply, Ca 2+ ions uniformly distribute.
After the positive voltage apply, the Ca 2+ ions diffuse away from the surface of the SLB along the electric field. Therefore, the Ca 2+ concentration near the SLB surface decreases. 
